The Laser Doppler Vibrometers (LDVs) have gained increased popularity among researchers and practitioners. However, LDV s suffer from their dependency on the optical properties of the surface and sensitivity to external interference that may be easily controlled in the laboratory environment. Applying an LDV to large structures in field setting poses new challenges. This paper considers the problems that were encountered during the design of an automated damage detection system for the Armored Vehicle Launched Bridge and solutions that were applied to enhance the accuracy of the acquired data.
INTRODUCTION
The Laser Doppler Vibrometers (LDVs) have gained increased popularity among researchers and practitioners due to the great advantages over conventional methods: nonintrusiveness, ability for remote sensing on working machinery or hard-to-reach spots, and potentially, a very high spatial density of acquired data [1, 2, 3, 4] . At the same time, LDV s suffer from their dependency on the optical properties of the surface and sensitivity to external interference. These problems are well known and have off-the-shelf solutions that may be applied in a laboratory environment. However, applying an LDV to large structures in a field setting, where traditional methods may not be applicable, poses new challenges. Unlike the laboratory setting, control over optical properties of the surface and interference sources is significantly complicated and sometimes impossible. Such poor control may cause distortion of the acquired data.
Constructed Facilities Center at West Virginia University has developed an automated damage detection system for Armored Vehicle Launched Bridge (AVLB) [5, 6] . The system employs an Ometron VS-100 laser vibrometer as its measuring device. During the initial stages of experimentations, it was noticed that the vibration patterns acquired by the laser vibrometer sometimes differ from the patterns acquired by an accelerometer at the same location. A study of this phenomenon indicated that the observed difference in vibration was due to the signal dropouts in the laser vibrometer. A signal dropout is a failure of the demodulation circuits of the vibrometer to derive an analog velocity waveform from the Doppler signal of insufficient amplitude [ 4, 7] . An example of a signal dropout is shown in Figure 1 .
The main reason for a signal dropout is insufficient amplitude of the Doppler signal, which in practice may have different causes, such as:
1. Slanted surface (Figure 2 , a). The laser beam hits the surface at an angle significantly different from normal. The beam is reflected sideways and the signal at the Doppler detector is not strong enough for reliable operation. 2. Dust and debris (Figure 2 , b ). The laser beam undergoes multiple reflection and scattering, most of the time causing a dropout. 3. Distance to the object. The laser vibrometer operates at its best when the distance to the object is at its optimal value. For the Ometron VS 100 this optimal distance is computed by d=1250±n*210 mm, n=l,2,3 ... Due to the varying profile of the A VLB, the distance from the vibrometer to the surface differs along the length of the bridge. Data from several points are acquired at or close to the intermediate distances d*=l355±n*210 mm, n=l,2,3 ... where Doppler signal amplitude is unstable and may cause a dropout to occur [7] . 4. Imperfect focusing (Figure, c) . The Doppler detector provides the best results when proper focusing of the vibrometer' s lens maximizes the amount of light at the sensor. The varying height of the A VLB prohibits operation with "perfect" focus plane. Instead, the vibrometer should be focused at a point with average height such that reasonable focus is maintained for any location. Usually, placing a reflective tape or using special paint in the beam path can prevent the first two causes of dropouts. For the A VLB case, such a preventive solution proved to be incomplete: the bridge and its environment is a constant source of dust particles that inevitably get into the path of the laser. The last two causes could not be prevented.
On average, during the acquisition of mode shapes from the bridge surface during sinusoidal dwell testing, four out of thirty points (13%) were acquired incorrectly. The maximum error was about six out of thirty points (20%). Such low accuracy of data acquisition was not acceptable, therefore a search was undertaken for solutions that would rather detect a dropout than prevent it and thus increase measurement accuracy by discarding erroneous readings. 
DISCUSSION
Detecting dropouts can potentially increase the accuracy of data acquisition. If a signal is experiencing a dropout, then it can be discarded, laser beam repositioned within the vicinity of the original spot and new acquisition started. Such a process would continue until a spot with appropriate optical properties of the surface is found. This procedure is also beneficial for the dropouts caused by variable profile of the structure (non-optimal distance and focusing), as even a slight repositioning seems to positively influence the working of the laser vibrometer.
The problem with detecting signal dropouts is that the severity of a dropout is not constant. The severity can vary from barely noticeable to complete loss of the signal. Detecting just the complete loss of the signal would help, but the results are not sufficient. A possible way to detect a signal dropout is to analyze the acquired data and compare it to the expected waveform. This approach is especially obvious for structures excited by a sinusoidal signal. If the structure is sufficiently linear, then the vibration response of the structure is also expected to be sinusoidal. The dropout detection procedure could analyze the spectral content of the acquired signal. For a signal without a dropout, the power spectrum of the acquired waveform will have only one well-expressed harmonic at the frequency at excitation. If a dropout did occur during data acquisition, then the spectrum of the acquired waveform will have other expressed harmonics besides that one. Comparing the value of the main harmonic to the sum of all other harmonics in the power spectrum provides a good metric for detecting dropouts.
If the value of the main harmonic in the power spectrum (at the excitation frequency) is AM and sum of all other harmonics in the spectrum is As, then a dropout is detected when: (1) where a is a proportionality coefficient that establishes the boundary between normal and dropout signals.
For the A VLB system the value of a=3.5 was established experimentally. Such a high value is explained by the fact that the form of vibration close to modal node lines is not perfectly sinusoidal. Thus, if the proportionality coefficient would be set to a lower value, the readings close to modal node lines would be constantly discarded and the acquisition of mode shapes would never complete. However, setting the value of the coefficient that high also means that some of the lesser dropouts will get past the detection procedure and reduce the accuracy of the result. The selected value provides an acceptable compromise between the quality of detection and workability of the system; while another possible solution may connect the value of a to the value of As.
Suggested detection method could also be applied for a deterministic excitation signal with more complex spectrum. However, a more complex criterion would be necessary to establish the correlation between input and output signals.
Detecting dropouts on random signals is a more complicated task due to the random nature of the signal, but one of the most widely used types of excitation -burst random -is perfectly suited for dropout detection. Figure 3 illustrates the excitation signal, bridge response without a dropout and bridge response with a dropout.
The burst of random excitation supplied to the structure usually carries non-zero harmonics for every frequency within a certain frequency range that is characteristic of the structure. For a sufficiently linear structure, the power spectrum of the vibration response should also contain only the frequencies within that range. A dropout may generate new frequencies that were not present in the original spectrum. If the sum of all harmonics within the excitation band is SE and the sum of all harmonics within the power spectrum of the signal from the laser vibrometer is SA, then the signal is experiencing a dropout if: b) (2) where j3 is an experimentally established coefficient for separating dropout from normal signals.
This method did not work very well for A VLB, where the excitation frequency range completely includes the frequencies generated by the dropouts. However, it is appropriate for structures where these frequency bands do not intersect. Special attention should be paid to such parameters as sampling frequency and number of samples, so that dropout frequencies could actually be observed from the discretized signal.
The response of a structure to a burst of excitation decays with time. Signal dropouts on the other hand tend to be persistent wiht time or occur frequently. A signal experiencing a dropout quite often does not properly decay with time ( Figure 3 ). This characteristic may be used to detect dropouts. For example, if a signal is acquired for the period Ts (from the moment when the excitation begins to the moment when the bridge vibration ceases), then the laser vibrometer does not experience a dropout if:
Ts Ts/3+1
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where X(t) is the waveform acquired by the laser vibrometer, O<t< Ts.
The signal is a dropout if (3) is not true. This indicator worked very well for the A VLB system, being the indicator that was set off most often.
Another way to detect a dropout is to observe the maximum amplitude of the acquired waveform. Normally, the maximum amplitude of the signal has a known limit, while a dropout quite often causes the maximum amplitude to go out of its usual range. The signal is in a dropout state if:
where X(t) is the same as in (3) and Mis a predefined threshold.
TESTING AND RESULTS
Before the dropout detection methods were introduced into the system, the mode shapes acquired by laser vibrometer in either sinusoidal dwell or random excitation methods were unusable for the purpose of damage detection. The frequent occurrence of dropouts made some points on the mode shapes to take completely unrealistic values or create false indicators of damage appearing at undamaged locations.
Introduction of the dropout detection methods significantly enhanced the quality of the acquired data for both sinusoidal and random modes of testing. The unrealistic values on the mode shapes were eliminated completely. This shows that all severe dropouts were detected and discarded. Frequency of appearance of the false damage indicators decreased approximately by an order of magnitude.
However, the quality of the signal is still not perfect. Exact estimation of how many dropouts with low severity of signal distortion are not detected is at this time impossible due to the absence of reliable reference signals, such as acquired by an accelerometer. Implementation of these detection techniques also increased time needed to acquire the mode shapes by about 20%. Utilized data acquisition hardware and software did not allow shared access to the data being acquired; therefore dropout detection could only be performed after a full period of data acquisition. If the data had to be discarded, the previous acquisition period was wasted. Additional loss of time was due to the repositioning of the vibrometer after detecting a dropout.
CONCLUSIONS
Acquiring vibration data using a laser vibrometer from a large structure in a field or industrial lab setting poses some challenges. The perfect control over data acquisition conditions may be impossible, thus causing degradation of data accuracy. Detection of the distorted signals may enhance the accuracy of the acquired data, although such detection seems to be possible only for certain types of the excitation.
The results indicate that the methods suggested here effectively eliminate severe distortion in the acquired data. Performance estimate of these methods on signals with less severe distortion at this time is impossible due to the lack of appropriate reference data. Investigating such methods may facilitate wider acceptance of LDVs as non-contact tool for vibration measurements.
